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Ubiquitin is known to accumulate at the sites of DNAdamage. The identification
of a new ubiquitin ligase, RIDDLIN, provides evidence for a ubiquitin-signalling
cascade that regulates the assembly of an important DNA repair complex at
a DNA double-strand break.Kevin Hiom
Double-strand breaks in DNA pose a
considerable threat togenomestability.
Improper repair of double-strand
breaks may result in the types
ofmutation or genomic re-arrangement
that are associated with cancer; lack
of repair may lead to cell death. To
prevent these undesirable outcomes
cells have developed complex
pathways for the detection and repair
of double-strand breaks.
The detection and repair of
double-strand breaks involve the
dynamic and ordered assembly of
many different proteins into large
multiprotein complexes at broken DNA
ends. What signals for the recruitment
of specific proteins and how they are
assembled into functional complexes
remain poorly understood. Two new
papers [1,2] report the identification
of a new ubiquitin ligase, dubbed
RIDDLIN (initially called RNF168),
and provide evidence that the
assembly of at least one important
DNA repair complex, containing the
BRCA1 tumour suppressor protein,
is mediated through a novel
ubiquitin-signalling cascade.
The identification of many factors
involved in the DNA-damage response
has been greatly facilitated by the
study of human diseases that exhibit
profound genomic instability and
predisposition to cancer such as ataxia
telangiectasia, Nijmegen breakage
syndrome and early onset breast and
ovarian cancer, which have been
shown to be caused by mutations
of the genes ATM, NBS1 and
BRCA1/BRCA2, respectively.
Several years ago Stewart and
colleagues [3] described another human
genome instability disease, RIDDLE
syndrome, which has several clinical
features in common with ataxia
telangiectasia. The name RIDDLE
syndrome derives from the
characteristic symptoms of its
patient, namely radiosensitivity,
immunodeficiency, dysmorphicfeatures and learning difficulties. At
a molecular level, Stewart et al. [3]
also demonstrated that cells from
the RIDDLE syndrome patient are
defective in the recruitment
to double-strand breaks of two key
components of the DNA-damage
response, 53BP1 and BRCA1.
However, the causative defect
in RIDDLE syndrome was not
known— until now.
In the new studies, Stewart et al. [2]
and Doil et al. [1] performed screens
to identify proteins that, when knocked
down using short-interfering (si)RNAs,
result in the failure to recruit 53BP1
into nuclear foci, either spontaneously
or after DNA damage. Both screens
identified RNF168 as the factor
responsible for this defect. Making
the connection to his previous work
Stewart and colleagues went on to
confirm that the bi-allelic mutations
in the gene encoding RNF168
were indeed responsible for the
mis-localization of 53BP1 in RIDDLE
syndrome cells [2]. Accordingly,
RNF168 was renamed RIDDLIN.
In irradiated cells, RIDDLIN localizes
very quickly to the region surrounding
the double-strand breaks along with
other components of the DNA-damage
response, including gH2AX, MDC1,
NBS1, BRCA1 and 53BP1. Building on
work by others, the Stewart [2] and
Doil [1] groups used a combination of
siRNA knockdown and time-lapse
microscopy to show that these proteins
assembled sequentially on chromatin.
Whilst knockdown of RIDDLIN resulted
in failure to recruit BRCA1 and 53BP1
to damage-induced foci, recruitment
of MDC1 and RNF8 was unaffected,
suggesting that recruitment of RIDDLIN
is downstream of RNF8 and upstream
of BRCA1 and 53BP1.
How is the sequential assembly of
this complex orchestrated? Analysis
of the amino acid sequence of
RIDDLIN suggested a role for protein
ubiquitylation. It revealed that RIDDLIN
has, at its amino terminus, a RING
finger domain, characteristic of someubiquitin ligases (E3), and also a pair of
ubiquitin-interacting domains (motifs
for interacting with ubiquitin or MIUs).
The presence of these MIUs raised
the possibility that RIDDLIN might be
recruited to the complex through its
interaction with ubiquitin. This was
confirmed in experiments showing
that MIU2, but not the RING domain,
is required for localization of RIDDLIN
to sites of DNA damage.
The protein recruited to
double-strand breaks immediately
prior to RIDDLIN, RNF8, is also
a ubiquitin ligase [4]. In vitro, RNF8
ubiquitylates histone H2A generating
mono- anddi-ubiquitylated formsof the
histone [5,6]. Immunoprecipitation/
pull-down experiments confirmed that
RIDDLIN interacts with ubiquitylated
histone H2A but not the unmodified
histone in cells and that this interaction
is dependent on the MIU [1,2].
Histone H2A is also a target for
the ubiquitin ligase function of
RIDDLIN [1,2]. Experiments
performed in cells and in vitro
confirmed that, in conjunction with the
ubiquitin-conjugating protein UBC13,
RIDDLIN promotes the formation of
lysine63-linked polyubiquitin chains on
histoneH2A/H2AX and at low efficiency
on H2AX, but not on other histones.
Previous studies have shown that
these chains do not serve as targets for
proteasome-mediated degradation,
but function instead to recruit the
RAP80–Abraxas–BRCA1 complex
through the ubiquitin-binding domains
of RAP80 [7–9].
Together with previous reports
from others these new observations
identify an important role for ubiquitin
and ubiquitylation in the ordered
assembly of a DNA repair complex at
a double-strand break, which is
depicted in Figure 1B. It shows that
whilst the recruitment of ‘DNA-damage
response’ factors is initially driven by
ATM-dependent phosphorylation
events, it is succeeded by an equally
important ubiquitin-signalling pathway,
for the recruitment of downstream
factors, in which RIDDLIN is a central
component [10].
Interestingly, whilst RIDDLIN was
identified in a screen for mis-
localization of 53BP1, the recruitment
of this protein is the least well explained
by a ubiquitin-signalling pathway.
Although 53BP1 is known to interact,
via its Tudor domain, with methylated
histones in chromatin, there is currently
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with ubiquitylated histones directly
[11,12]. It is possible, though, that this
interactionmight be achieved indirectly
through a linking protein.
The model depicted in Figure 1B
shows a linear pathway for the
assembly of a DNA repair complex.
There may of course be variations to
this pathway, which depend, for
example, on the affinity of different
proteins forubiquitin. Thismightexplain
why inRIDDLEcells theaccumulationof
53BP1 to irradiation-induced foci is lost,
while for BRCA1 it occurs with delayed
kinetics [3]. Such differences are
interesting as they may have profound
effects on the efficiency of DNA repair.
It is also likely that this model
is incomplete and that the
ubiquitin-signalling cascade might
extend further. In particular, there is no
contribution described so far for the
ubiquitin ligase function of BRCA1. It is
conceivable that BRCA1-dependent
ubiquitylation of a target protein, such
as CtIP, might serve to recruit
additional proteins involved in the
activation of a cell-cycle checkpoint
[13]. On the other hand, there is recent
evidence to suggest that BRCA1
ubiquitin ligase activity is not required
directly for the repair of DNA damage
[14], although it may still have
a regulatory role.
What then is the function of the
complex formed at double-strand
breaks? The components of this
complex yield few clues. The
presence of BRCA1 suggests that it
might contribute to the repair of
double-strand breaks by homologous
recombination [15], but the mechanism
through which this occurs is unknown.
One possibility is that the modification
of histone H2A by RNF8 and RIDDLIN
not only facilitates the recruitment of
DNA repair factors, but may contribute
to changes in chromatin structure
required to process DNA ends and
facilitate repair.
Currently, very little is known about
how ubiquitylation directly affects
chromatin structure, although
ubiquitylated histone H2A is generally
considered an indicator of tightly
packed chromatin (heterochromatin),
while ubiquitylated H2B signals more
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Figure 1. A ubiquitin-signalling cascade in DNA repair.
(A) Functional domains of RNF168/RIDDLIN. The RING finger domain (RING) and motifs
interacting with ubiquitin (MIUs) are shown. Also shown are the disease-causing frameshift
mutations found in RIDDLE syndrome patients. Both mutations cause truncations. (B) A model
for the ordered assembly of a BRCA1-containing DNA repair complex at a double-strand
break. Broken DNA ends are recognized by the MRE11–RAD50–NBS1 complex (MRN), which
recruits ATM kinase leading to the phosphorylation of histone H2AX. MDC1 is recruited
through the interaction of its BRCT domain with the phosphorylated form of histone H2AX
(gH2AX). RNF8 binds to phospho-MDC1 and, in conjunction with UBC13, ubiquitylates histone
H2A. RIDDLIN/RNF168 is recruited through its MIU to Ub-H2A where it extends this modifica-
tion, forming lysine63-linked ubiquitin chains and enabling the recruitment of the BRCA1–
Abraxas–RAP80 complex mediated by the UIM domains of RAP80. Although 53BP1 binds
methylated histone H4 through its Tudor domain, this might be facilitated in the presence of
ubiquitin or other factors. (Ubiquitin is shown as small green circles.) Adapted from [3].loosely packed chromatin
(euchromatin) [16]. In this regard, one
might have expected histone H2B to be
modified at sites of DNA damage.
Perhaps it is pertinent to comment
that to date the biochemical analyses
of RNF8- and RIDDLIN-dependent
ubiquitylation have been performed not
on chromatin, but with individual
histones. Studies on other chromatin
ubiquitin ligases have found that
modifications made on individual
histones in vitro do not always translate
to modifications on histones in the
context of the nucleosome [17]. It will
be very interesting to see whether this
is the case.
Whilst it is clear that the identification
of an important ubiquitin-signalling
cascade in the DNA damage response
provides us with the answer to one
important RIDDLE, it has also
generated a number of interesting
puzzles to be solved in the future.
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Many human fungal pathogens
undergo morphological transitions
when they invade the human host.
Candida albicans, the agent of thrush
infections of the mucous membranes
and, in severely immunocompromised
individuals, life-threatening invasive
candidosis, is typical of many fungi in
its ability to exhibit morphological
dimorphism. In most nutrient-rich
media and at temperatures of around
25C, C. albicans exists as a budding
yeast. During human infections and
in media containing blood serum at
37C, tubular, branching hyphal cells
develop, the morphology of which
may facilitate deep penetration of
epithelia, endothelia and human
tissues [1]. Although it has been
known for many years that
temperature plays a pivotal role in
fungal dimorphism [2], it has not
been understood how temperature
orchestrates morphogenesis at the
physiological level. A paper by Cowen
and colleagues [3], published in this
issue of Current Biology, uncovers this
relationship for the first time.
The focus of many hundreds of
research articles in the last ten years
has revealed the complex and multiple
signalling pathways and regulatory
elements that collectively ‘hard-wire’
the yeast-to-hypha transition in
C. albicans to environmental responses
[4–7]. These pathways lead tophosphorylation-dependent binding partner
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n budding yeast-like and filamentous
ce of Candida albicans. A new study
ip between environmental temperature
ulate morphogenesis in this fungal
alterations in cell polarity, cytoskeletal
organisation and cell cycle, as well as
to alterations in expression of many
virulence factors, such as cell-surface
adhesins, secreted proteases and
immunoregulatory molecules [5,6].
Pre-eminent in the signalling pathways
that orchestrate hyphal induction is the
Ras–protein kinase A (PKA) pathway
that couples changes in cytoplasmic
cyclic AMP (cAMP) concentration to
the activation of the Efg1 transcription
factor, which was initially shown to
enhance filamentous growth in
Saccharomyces cerevisiae and which
also acts as the main activator of
filamentation in C. albicans, including
filamentation that occurs in response to
serum [4].
Earlier work from Cowen, Lindquist
and colleagues revealed how the
molecular chaperone and heat-shock
protein Hsp90 can influence a wide
spectrum of important physiological
functions of fungi by modulating the
folding of client proteins and hence the
proportions of these proteins that are in
an active, native conformation or
alternatively an inactive,
inappropriately folded or aggregated
form ([8], and reviewed in [9]). The
ability of Hsp90 to alter the functionality
of a wide range of client proteins
means that it has a powerful role in
shaping the short-term evolution and
environmental responses of fungi.
Previously, this has been explored
in the context of the emergence of17. Elderkin, S., Maertens, G.N., Endoh, M.,
Mallery, D.L., Morrice, N., Koseki, H., Peters, G.,
Brockdorff, N., and Hiom, K. (2007). A
phosphorylated form of Mel-18 targets the
Ring1B histone H2A ubiquitin ligase to
chromatin. Mol. Cell 28, 107–120.
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[8,9]. In the current study [3], the
authors have now shown that
dimorphic regulation is also
negatively regulated by Hsp90 and,
at higher temperatures, this
repression is relieved, allowing
filamentation to occur, therefore
providing the long-awaited
physiological link between fungal
morphogenesis and temperature.
Evidence in support of this link
was provided by experiments in
which hypha formation was induced
with the specific Hsp90 inhibitors
geldamycin or radicicol or in strains
in which the expression of HSP90 was
inhibited via repressible promoters.
Next the authors showed that hypha
induction could occur at the lower
temperature of 30C if the availability
of Hsp90 in the cell was partially
compromised and the repressing
capacity of Hsp90 was thus reduced.
They then went on to show that
Hsp90-mediated repression is
mediated by regulation of the
Ras1–PKA signalling pathway.
Elegant experiments indicated that
some mutants of positive regulators
of this pathway have the same block
in filamentation as that seen with
Hsp90 inhibition. In contrast, mutants
of negative regulators of the pathway
still responded to Hsp90 inhibitors by
inducing filamentation. Hsp90 was
therefore deduced to normally
interact with positive regulators of the
pathway, including Ras1, its guanine
exchange factor Cdc25 and the
Cdc35 adenylyl cyclase, which
generates cAMP and the two
subunits of PKA. Binding of Hsp90
probably maintains these proteins in
an inactive conformation until an
increase in temperature diverts Hsp90
resources to other partially denatured
proteins and relieves the block to
filamentation. Quorum-sensing
